Objectives-Language functions comprise a distributed neural system, largely lateralised to the left cerebral hemisphere. Late recovery from aphasia after a focal lesion, other than by behavioural strategies, has been attributed to one of two changes at a systems level: a laterality shift, with mirror region cortex in the contralateral cortex assuming the function(s) of the damaged region; or a partial lesion eVect, with recovery of perilesional tissue to support impaired language functions. Functional neuroimaging with PET allows direct observations of brain functions at systems level. This study used PET to compare regional brain activations in response to a word retrieval task in normal subjects and in aphasic patients who had shown at least some recovery and were able to attempt the task. Emphasis has been placed on single subject analysis of the results as there is no reason to assume that the mechanisms of recovery are necessarily uniform among aphasic patients. Methods-Six right handed aphasic patients, each with a left cerebral hemispheric lesion (five strokes and one glioma), were studied. Criteria for inclusion were symptomatic or formal test evidence of at least some recovery and an ability to attempt word retrieval in response to heard word cues. Each patient underwent 12 PET scans using oxygen-15 labelled water (H 2 15 O) as tracer to index regional cerebral blood flow (rCBF). The task, repeated six times, required the patient to think of verbs appropriate to diVerent lists of heard noun cues. The six scans obtained during word retrieval were contrasted with six made while the subject was "at rest". The patients' individual results were compared with those of nine right handed normal volunteers undergoing the same activation study. The data were analysed using statistical parametric mapping (SPM96, Wellcome Department of Cognitive Neurology, London, UK). Results-Perception of the noun cues would be expected to result in bilateral dorsolateral temporal cortical activations, but as the rate of presentation was only four per minute the auditory perceptual activations were not evident in all people. Anterior cingulate, medial premotor (supplementary speech area) and dorsolateral frontal activations were evident in all normal subjects and patients. There were limited right dorsolateral frontal activations in three of the six patients, but a similar pattern was also found in four of the nine normal subjects. In the left inferolateral temporal cortex, activation was found for the normal subjects and five of the six patients, including two of the three subjects with lesions involving the left temporal lobe. The only patient who showed subthreshold activation in the left inferolateral temporal activation had a very high error rate when performing the verb retrieval task.
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Conclusions-The
normal subjects showed a left lateralised inferolateral temporal activation, reflecting retrieval of words appropriate in meaning to the cue from the semantic system. Lateralisation of frontal activations to the left was only relative, with right prefrontal involvement in half of the normal subjects. Frontal activations are associated with parallel psychological processes involved in word retrieval, including task initiation, short term (working) memory for the cue and responses, and prearticulatory processes (even though no overt articulation was required). There was little evidence of a laterality shift of word retrieval functions to the right temporal lobe after a left hemispheric lesion. In particular, left inferolateral temporal activation was seen in all patients except one, and he proved to be very ineYcient at the task. The results provide indirect evidence that even limited salvage of peri-infarct tissue with acute stroke treatments will have an important impact on the rehabilitation of cognitive functions.
Aphasia is common after left middle cerebral artery territory strokes and is perceived as a major disability by the patients and their relatives. 1 2 Although recovery is usual, the degree is very variable. There are no reliable clinical predictors and the benefit of speech therapy, in its disparate forms, remains controversial. 3 4 These uncertainties arise, in part, from ignorance about the brain mechanisms that lead to recovery. These mechanisms operate at many levels, from cell membranes up to distributed neural systems. Research at the lower reaches of the scale is dependent on animal studies, at a level that cannot, at present, be related to psychological processes-even simple cognitive functions cannot be described in terms of synapses and dendrites. However, at the systems level, modern functional neuroimaging techniques oVer the potential to describe language and other higher mental functions in terms of regional human brain activity that may be used to disclose segregation (such as the location of the verbal semantic-word meaning-system) 5 ; responsiveness (for example, whether regional brain activity responds incrementally or stepwise to a variable sensory input) 6 ; or connectivity (when activity in one region can be shown to be influenced by activity in another). 7 These techniques can be used to investigate both normal and abnormal brains, although to date the overwhelming majority of studies has been on normal subjects.
The changes in language systems that result in recovery from left hemispheric aphasic stroke have been a subject for speculation since the days of Broca. Although there are anecdotal clinical case reports implicating the right hemispere, 8 the mechanisms are likely to be both complex and variable, depending on the deficit. 9 Thus patients who have unilateral left hemispheric lesions can usually continue to discriminate words on the basis of their diVerent sound structure; most reported cases of word sound deafness had bilateral dorsolateral temporal lesions. 10 The inference is that the right dorsolateral temporal cortex can support, more or less, perception of the sound structure of words. 11 However, this lesion based evidence does not distinguish between a pre-existing function which is shared by the two dorsal temporal regions or an acquired lateral shift of function after the stroke. By contrast, partial or complete loss of heard word comprehension accompanies left temporoparietal lesions, 12 13 which suggests that lexical semantic processes (that is, the interaction between the neural systems responsible for word form and word meaning) are predominantly left lateralised. Therefore, whether recovery depends on contralateral or ipsilateral (perilesional) hemispheric function may depend on whether the functional deficit is perceptual or cognitive.
Some early studies, using either single photon computed tomography (SPECT) or PET, have measured "resting" regional cerebral blood flow (rCBF) or metabolism and showed a diVuse increase in function of the contralateral hemisphere after a stroke and related this to recovery. 14 15 However, this is not the experience of others and many of these studies focused on very early recovery processes. 16 Furthermore, aphasia recovery has been shown to correlate with residual, perilesional, left temporoparietal metabolism, 17 which accords well with the finding that prognosis after a stroke can be predicted by the relation between flow and metabolism in and around the cerebral infarct. 18 An activation PET study, which used verb retrieval as the behavioural task to disclose regional activity, implicated the right prefrontal cortex in recovery from Wernicke's aphasia, 19 but this study did not disclose whether it was perilesional or contralateral activity that was involved in recovery from the left temporoparietal infarcts. The reason may be methodological-the field of view of the PET camera used was limited and ventral temporal regions were not studied. Alternatively, the null result in left temporoparietal regions may reflect activations distributed at individually diVerent locations around infarcts of diVerent sizes; under these circumstances there would be no result from the group analysis that was performed to look for a common regional periinfarct activation across the six patients.
The present study directly observed changes in brain systems during recovery from aphasia in six patients. The hypothesis was that the processes involved in word retrieval would not show a laterality shift of function to the right hemisphere in the presence of an acquired left hemispheric lesion. Verb retrieval was chosen as the activation task after a preliminary study in normal subjects. 20 This task produces activations in all the cortical regions involved in language processing as determined from lesion data. 21 It is, therefore, an activation task suited to investigate aphasic patients whose lesions are variously located in the left cerebral hemisphere.
Patients and methods

SUBJECTS
Six right handed patients with an equal sex distribution and mean age of 48 years (age range 28-69 years) were recruited from an aphasia clinic at the Charing Cross Hospital, London. Handedness was assessed using the The subtests are taken from the comprehensive aphasia test (CAT). The maximum possible scores (Max) are shown and also a normal range (NR), calculated from subtest scores on a cohort of normal subjects matched for age and sex. During PET a retrospective estimate of words generated was made in the wash out period between scans. The estimated rate of word retrieval/minute is shown in column 9 with an estimated error rate (given as a percentage of the total) in column 10. Errors were taken as any words that were not verbs, eg nouns and adjectives but which were still semantically related to the target word.
Edinburgh inventory. 22 All had experienced an acute onset of aphasia (and associated symptoms and signs, depending on the extent and distribution of the lesion) and all had speech therapy during recovery. They were selected from a larger cohort of patients because of test or symptomatic evidence of language recovery, suYcient to attempt word retrieval in response to heard word cues. They were assessed on a range of tests of language function, including auditory and written single word and sentence comprehension, picture naming, single word repetition, digit and sentence span, and category and initial letter fluency. Five patients had strokes (four infarcts and one haemorrhage) in the left middle cerebral artery territory. One (patient 3) presented with a stroke-like episode, initially followed by recovery for several months, but the lesion subsequently proved to be a left temporal glioma (there was no clinical or EEG evidence that the presentation was the temporary sequel to a focal or generalised seizure, although this possibility cannot be excluded). Of the six patients, two (patients 2 and 3) were shown on serial testing to reach ceiling scores on the test batteries within 6 months of the ictus. One (patient 5) had already symptomatically recovered from acute aphasia by the time of referral, and this was confirmed on formal testing. The other three (patients 1,4, and 6) showed only partial recovery on serial testing. All patients were scanned between 6 and 14 months after the onset of apahsia. The patients' performances on key items of the test battery at the time of their PET study are summarised in table 1, and the locations of their lesions on MRI are also summarised. The patients' results are contrasted with those obtained on nine right handed, normal, male subjects, aged 24-65 years.
DATA ACQUISITION
Each subject had 12 estimations of rCBF at 10 minute intervals, made with a CTI 953B PET camera. The conditions (verb retrieval and rest) were alternated (ABAB etc). Data acquisition was performed in 3D mode, with the lead septa between detector rings removed. For each scan 8 mCi of H 2 15 O was administered as a slow intravenous bolus, and the total counts/ voxel during the build up phase of radioactivity served as an estimate of CBF. 23 24 The verb retrieval task began 15 seconds before the arrival of radiolabelled water in the brain, and continued during the critical measurement period of rapid build up of tracer in the brain and over the initial 20-30 seconds of tracer wash out. After measured attenuation correction, images were reconstructed by filtered back projection (Hanning filter, cut oV frequency 0.5 Hz).
During the verb generation condition, nouns were heard at a rate of four/minute and the subject was asked to think of, without vocalisation, as many verbs appropriate to the heard noun as she or he could in the interstimulus interval (for example, "apple"-"slice, eat, peel, wash"). No noun stimulus was repeated across the six scans during the verb retrieval task. The subjects were asked not to articulate their responses to avoid the coactivations associated with speech production and listening to one's own voice. During the "rest" condition the subject was asked to "empty your mind" and no stimuli were presented. A retrospective estimate of the number of verbs generated per list of stimuli was made in the interval immediately after completion of each of the six tasks. The normal subjects averaged 18.4 verbs/ minute (4.6/stimulus). The estimated verb retrieval rates for each patient are shown in table 1. Patient 5 misheard a few of the nouns. In addition, patient 5 and, in particular, patient 4, made retrieval errors, producing nouns and adjectives as well as verbs (table 1) .
IMAGE ANALYSIS
The data from each subject were realigned, stereotactically normalised, and smoothed using a 16×16×16 mm Gaussian filter. 25 For each of the patients, all of whom had undergone MRI, the MRI was coregistered to his or her mean PET image and then stereotactically transformed to a standard MRI template in the Talaraich and Tournoux space. 26 The same transformation matrix was subsequently applied to the PET images. The data were analysed using statistical parametric mapping (SPM96, Wellcome Department of Cognitive Neurology). 27 The eVect of diVerences in global CBF between scans was removed by an analysis of covariance (AN-COVA), with global counts as confounder. Linear contrasts between diVerent conditions were used to create SPMs of the t statistic (that were subsequently transformed into Z scores).
In this study, the six patients and the normal subjects were analysed in a single design matrix which allowed assessment of the contribution of individual subjects. The advantage of this approach is that it allows regions of common activation across subjects to be identified. Differences between patients and normal subjects were not assessed for the following reasons: (1) The "fixed eVects models" that are almost universally used to analyse functional imaging data do not account for between subject variance and therefore tend to overestimate diVerences between two groups. (2) This study used a verbal fluency paradigm as a means for assessing word retrieval and the performance of the patients on this task could not be matched to the normal subjects. The analysis reported below is therefore concerned with the presence or absence of an activation in the patients in response to a task, not increased or decreased activation relative to normal subjects. In the absence of an a priori hypotheses about where regional activations may occur, it is recommended that the threshold be set at p<0.05, corrected for analyses of voxels across the whole volume of the brain (approximately, p<0.0001, uncorrected, Z score>4.65). However, based on the lesion data and previous functional neuroimaging results, summarised in the text, significant eVects were expected to occur in the left temporal neocortex, the left inferior parietal lobe, and some medial and left lateralised regions, and for these defined regions the significance threshold was set at p<0.001, uncorrected (Z score>3.1) for group results and p<0.01, uncorrected (Z score>2.3) for results from single subjects. For all other regions, significance was set at Z score > 4.65.
Results
NORMAL SUBJECTS
The results are presented in the top two rows of figure 1 and in tables 2 and 3. Dorsolateral temporal cortical activation (left and right) were attributed, on the basis of earlier functional neuroimaging evidence, to perception of the stimuli. 28 29 Other activations were due to the various parallel processes involved in word retrieval. Almost half of the subjects had bilateral activations in the dorsolateral frontal cortex, a result in common with another study using this same task in a larger population of subjects. 30 In the inferolateral temporal cortex, activation was lateralised to the left (although two of the subjects also activated the corresponding region in the right when the threshold was reduced to p<0.01, uncorrected). Activation in the left has been directly attributed to the retrieval of words appropriate in meaning to each stimulus from semantic memory. 20 The results of the control subjects are reported in two subgroups in tables 2 and 3. They were subdivided according to whether they showed predominantly unilateral or bilateral acivations. This was done by analysing each individual subject and searching for activations (particularly in the right temporal and inferior frontal regions) which survivied an analysis using a peak threshold of p<0.01 and an extent threshold of 50 voxels.
PATIENTS
The results are presented in the bottom six rows of the figure and in table 4.
All six patients engaged the left dorsolateral frontal cortex to perform the verb generation task and three (patients 4, 5, and 6) also showed variable degrees of activation in the right dorsolateral frontal cortex. In the left temporal structures all but one patient (patient 4) showed significant activation. Figure 1 , column 1 shows that there was consistent activation of the left posterior inferolateral temporal cortex in all patients except patient 4, and figure 1, columns 2 and 3 demonstrate variable degrees of peri-infarct activation in the left dorsolateral temporal cortex of the patients. On the right, three patients (patients 2, 3, and 4) showed involvement of the right dorsolateral temporal cortex (this corresponded to a similar activation in four of the normal subjects) and four patients (patients 2, 4, 5, and 6) showed significant activation of the right inferolateral temporal cortex, (a region activated by two of the nine normal subjects).
There was uniform activation of the anterior cingulate in both normal subjects and patients. Of the subcortical nuclei, the left thalamus was activated in eight out of the nine controls and three out of the six patients. Significant activation of the right putamen occurred in only one of the patients (patient 4) and none of the controls.
Discussion
The activations associated with cued word retrieval were indistinguishable from the normal controls, except that in the presence of a lesion the activations were perilesional. The activation that was exclusively left lateralised in the normal controls-in the inferolateral temporal cortex-was also seen in the six patients, with the one exception (patient 4), and he proved to be very ineYcient at retrieving verbs to the cues. The variable degree of lateralisation of activations in regions other than the inferolateral temporal cortex shows the importance of single subject analysis for patient studies. Thus, all nine of the normal subjects must have activated the bilateral dorsolateral temporal cortex when perceiving the stimuli, 6 but these eVects were only apparent in four of them-variable individual reponsiveness in these regions to the slow rate of presentation of the stimuli resulted in a reduced eVect in the other five. This pattern was also evident in the patients-for example, there was no apparent activation of the right dorsolateral temporal cortex in patient 1 but it was readily evident in patient 2. The detection of a change in net regional synaptic activity by measuring a change in regional perfusion will vary, depending on both physiological and technical factors, especially when the response is small-there is a linear change in activity in the dorsolateral temporal cortex in response to hearing single words at increasing rates, and so listening to four stimuli/minute will have produced a response that was well below maximum in all, normal subjects and patients alike. It proved to be below the threshold of detection in more than half of them. The subjects were encouraged to think of as many verbs as they could for each stimulus, thereby maximising the activations associated with silent word retrieval (output) relative to perceiving the stimuli (input). The right sided dorsolateral frontal activation present in four of the normal subjects was restricted to the frontal operculum and inferior frontal gyrus, whereas the left sided activation was more extensive, including the frontal operculum, and premotor and dorsolateral prefrontal cortex. The location of the right frontal activation is best interpreted in terms of prearticulatory processes, short of articulation. Thus, Mohr et al have shown in stroke patients that a lesion close to or within the left frontal operculum results in a loss of articulation, usually only temporary 31 . Rarer cases with bilateral lesions of the frontal operculum have severe and persistent impairment of speech production without aphasia. 32 Those with loss of self generated word retrieval (verbal fluency) without impairment of speech production have left prefrontal lesions. 33 Therefore, the extensive left frontal activation in the normal subjects can be interpreted in terms of the "strategic" processes involved in searching for and retrieving appropriate exemplars to match a stimulus, with the more ventral extent of this activation involved in processes involved in preparation for the articulation of the exemplars. In some subjects, these prearticulatory processes were disclosed as bilateral opercular/inferior frontal activations.
The pattern of frontal activations in the patients did not fall outside the variable pattern found in the normal controls, with one exception (patient 4). Although he showed bilateral opercular activations during the verb retrieval task, there was no evidence of left dorsolateral prefrontal activation. This is by contrast with patient 1, who showed very extensive left lateralised frontal activation. Both had left posterior lesions, with similar performance scores on the aphasia tests, but they diVered in their performance on verb retrieval-although their rates of retrieving exemplars were equivalent, patient 4 produced a high proportion of inappropriate exemplars. As the posterior and anterior regions are interdependent parts of a distributed system for self generated word retrieval, incorporating the many processes involved in the task, it is to be expected that success at fluency in patients with left temporoparietal lesions will be as dependent on left prefrontal activation as posterior, perilesional activity. Neither patients 4 or 1 had a frontal lesion evident on MRI, but in these two patients success at word retrieval can be related as much to left dorsolateral prefrontal activation as to the extent of perilesional left inferolateral temporal activation. These two cases suggest that a larger functional neuroimaging project of the same design on patients with left temporal infarcts should investigate the contribution of both left frontal and left temporal function to recovery of verbal fluency. It is known that success at verbal fluency is dependent on many factors, including age, education, and IQ, and in this context it is of interest that patient 1 was very much better at Raven's progressive matrices (a test of nonverbal reasoning that correlates reasonably closely with premorbid general intellectual abilities) than patient 4. The hypothesis that prefrontal functions may have an influence on recovery after a posterior aphasic infarct would seem worth investigating further with functional neuroimaging, even on the basis of this anecdote-particularly as behavioural training or pharmacological manipulation might be used to manipulate prefrontal functions in the intact frontal lobe to maximise left posterior perilesional function in tasks such as word retrieval.
There was consistency of anterior cingulate activation across both normal subjects and patients. Activation of this region during a verb generation task has been attributed to the attentional components of the task 20 29 and therefore activation of this region was expected-especially as the patients found the task much harder to perform than the normal subjects.
Evidence from both lesion data and functional neuroimaging suggests that activations in the left inferolateral temporal cortex repre-
